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ABSTRACT
The scientific and athletic community have taken. a great
interest in creatine as a performance enhancement
supplement.

Athletes using creatine as an ergogenic aid

have reported significant increases in performance.

These

reports have sent the scientific world into a bolt of
research studies to examine if creatine is an effective
supplement to increase athletic performance. The purpose of
this project is to review creatine supplement literature as
an ergogenic aid in exercise, human performance and health
including basic information relating to the biochemical and
physiological effects of creatine and its potential side
effects. There have been some reported side effects linked
to creatine such as, muscle cramping, gastrointestinal
disturbances, weight gain and renal dysfunctions.
Creatine's side effects on major organs (heart, brain,
lungs, kidneys, etc.) have not yet been positively l~nked.
The endogenous synthesis of creatine of one to two grams is
derived from the human body.

Further, creatine can be

added through diet in the form of meat or by a manufactured
supplement.

Creatine at a dosage of 20 grams a day for

four to six days and five grams a day thereafter, is the
most popular dose. Creatine consumption increases free
iii

creatine and the phosphate creatine content of skeletal
muscle. Thereby resulting in an improved capacity to
maintain power output in high-intensity and intermittent
high-intensity exercise.
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CHAPTER ONE
INTRODUCTION

Purpose of the Project
The purpose of this project is to review literature on
creatine monohydrate (simply known as creatine/Cr)
supplementation and its effects on exercise, human
performance, and health. Included in this project is basic
information relating to the biochemical and physiological
effects of Cr, including possible side effects.

Description of the Project
Being a physical education teacher, coach and active
individual, it helps to remain informed on the latest
trends in human nutrition and performance enhancing
supplements sold in today's billion-dollar health industry.
Most importantly, answering students'/athletes' questions
about these performance enhancing supplements require me to
stay educated in this area. In this day and age when
athletes are striving to be bigger, faster, and stronger,
many are drifting towards the number one selling muscle
enhancing, performance increasing, legal supplement
available, Cr.

1

Cr was discovered in 1835 by the French
scientist Chevreul, and named after the Greek
word Kreas (flesh). The first Cr supplementation
studies in animals and humans began in the early
1900's.

Since the discovery of phosphocreatine

(PCr) in 1927 and the creatine kinase (CK)
reaction in 1934, it is known that Cr is the
substrate of CK used to form PCr, a high-energy
compound and an important energy store for
adenosine triphosphate (ATP) resynthesis in
muscle (Mesa, Ruiz, Gonzalez-Gross, Saniz,

&

Garon, 2002 p. 905).
Based on massive media bombardment, many people assume
that supplementing with Cr guarantees instant muscle
hypertrophy, increased performance in speed, agility and
strength. It is estimated that Cr consumption (by
professional athletes, elite sports competitors, collegiate
athletes, amateur/recreational athletes and teenage
athletes) in 1999 exceeded more than 2.5 million kilograms
(2.5 thousand metric tons)

(Terjung et al., 2000). As

Jenkins (1993) wrote, "the pursuit of performance enhancing
potions has historically been like the alchemists' dreams
turning lead into gold" (p.1).

This misconception many lead
2

s

to potential health risks if athletes/people over
supplement to achieve immediate results.
Although not statistically apparent, there have been
few incidences of reported side effects. A small number of
people/users have associated Cr with gastrointestinal/renal
disturbances, muscle cramps, muscle tears, and dehydration.
However Cr's effect on the heart, brain, reproductive
organs and other organs have yet to be determined (Juhn,
1999).
Cr popularity as an ergogenic aid has grown
tremendously since the 1990's.

It is thereby very

important to research/review the use and effects of Cr on
the human body/performance.

Abbreviations of Terms
Adenosine Triphosphate

ATP

Adenosine Diphosphate

ADP

Argine

Ar

Creatine Monohydrate

Cr

Creatine Kinase

CK

Creatinine

Crn

Glycine

Gly

Guanidinoacetic Acid

GAA

3

L-Arginine:Glycine Aminotransferase

AGAT

Maximal Oxygen Uptake
Phosphocreatine

PCr

S-adenosyl-L-methionine:N-guanidinacete

GAMT

Methyltransferase
Total Body Creatine

TCr

Total Body Fat

TBF
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CHAPTER TWO
REVIEW OF RELATED LITERATURE

Biochemical and Physiological Aspects
This section will present an overview of the synthesis,
transport, and breakdown of Cr. Thus, enabling the reader
to understand Cr metabolism in skeletal muscle.
Creatine Synthesis
Cr is a nitrogenous amino acid compound with a net
positive charge and a molecular weight of 131 daltons.
(Mesa et al., 2002).

Cr is synthesized within the body,

primarily in the liver and secondarily in the pancreas and
kidneys from two amino acids by a two-step reaction
(Terjung, 2000).

The first step in the biosynthesis of Cr

is the transfer of the amino group of Argine (Arg) to
Glycine (Gly) to form L-ornithine and guanidinoacetate acid
(GAA) and is catalyzed by L-arginine:

glycine aminidino

transferase (AGAT) (Wyss and Kaddurah-Dauk, 2000). In the
second step,

(in the hepacyte) a methyl group of S

adenosyl-L- methionine is transferred to the nitrogen atom
by S-adenosyl-L~methionine in guanidinoacetate
methyltransferase (GAMT) yielding Cr (Mesa et al., 2002).

5

The endogenous synthesis of Cr is one or two grams a
day. An additional one to two grams of Cr a day is obtained
from diet.

Meats provide the most Cr. For example, one

kilogram (2.2 lbs.) of meat is equivalent to five grams of
Cr (Maughan, 1999). However, many studies, such as Jenkins
(1993) have found that the exogenous intake of Cr appears
to exert negative feedback on the endogenous production of
Cr (i.e. the more Cr present in diet_ means less
productivity in the body). The amount of Cr not present in
a person's diet is thereby produced in the liver and
kidneys from a few amino acids. Whether this adversely
affects metabolic regulation within the liver is unclear,
however, it may be presumed that after a brief period after
the cessation of Cr supplementation, Cr synthesis within
the body would revert to its preexisting rate (Terjung,
2000).
Tissue Uptake of Creatine
In healthy omniverous individuals, normal plasma Cr
levels range from 50-100 umol/L, whereas vegetarians'
figures decrease to 25-32 umol/L due to lower exogenous
intake (Mesa et al., 2002). Levels of Cr in vegetarians are
lower due to the absence of meat in their diets. Since
muscle virtually has no Cr synthesizing capacity, Cr has to
6

be absorbed into the muscle from the blood stream.

The

daily demand for Cr is met by intestinal absorption of
dietary Cr and by the simple building blocks of Cr
biosynthesis (otherwise known as de novo Cr biosynthesis).
Over 90% of Cr enters' skeletal muscle by binding to a
specific transporter protein.

This saturable and Na+-K+

ATPase mediated mechanism depends of extracellular Na+ and
Cl- and allows Cr to enter the muscle against a
concentration gradient. This transport mechanism shows an
apparent Michaelis-Menten constant (Km) for Cr in the
micromolar range, so the normal plasma ranges are
sufficient for adequate Cr transport in muscle (Mesa et
al., 2002).

Creatine Breakdown
The breakdown of Cr and PCr for the most part is a
spontaneous, nonenzymatic process.

In muscle cells at

rest, Cr is phosphorylated by CK to create PCr within
twenty-five minutes upon arrival (Mesa et al., 2002).
Muscle then can contain high-potential phosphoryl groups of
PCr, which can readily transfer its phosphoryl group to
ATP.
Creatine phosphate+ ADP+ H+ - ATP+ Creatine

7

For this purpose, ATP formed by glycolysis and
oxidative phosphorylation reacts with Cr to form ADP and
PCr. The CK reaction is extremely rapid, and since the
muscle PCr concentration can fall to almost zero, it can
make a significant contribution to the energy supply
necessary for brief bursts of very high intensity exercise
(Maughan, 1999).
Cr is then recycled or transformed to Creatinine
(Crn). This occurs at a rate of approximately 2% of the
body's total Cr pool per day.

Crn can not be reutilized

thus is excreted into the urine (at a rate of approximately
two grams (2g) per day for an average individual) by the
kidneys. Since skeletal muscle contains most of the body's
PCr and Cr pool, the urinary excretion will vary as a
function of muscle mass, being on the average less in
female than male subjects (Terjung, 2000).

Vegetarians

have marginally lower Crn excretion rates than individuals
on normal diets, suggesting that creatine biosynthesis
rates and muscle Cr contents are also marginally lower than
in individuals ingesting creatine-containing diets (Mesa et
al., 2002).

8

Creatine Distribution in the Body
Total body Cr (TCr) includes both Cr and PCr.
Approximately 95% of TCr is found in skeletal muscle (Mesa
et al., 2002).

The highest levels of Cr and PCr are found

in skeletal muscle, spermatozoa, and photoreceptor cells of
the retina.

Intermediate levels are found in brain, brown

adipose tissue, intestine, seminal vesicles, seminal
vesicle fluid, endothelial cells, and macrophages, and only
low levels are found in lung, spleen, kidney, liver, white
adipose tissue, blood cells, and serum (Wyss

&

Kaddurah

Daouk, 2000).
Nonetheless, there is a wide range of concentration
amounts reported in various studies. This is made possible
by the vast differences in people's diet and body
compositions. Studies of resting human skeletal muscle have
shown the PCr concentration to be about 75mmol/kg dry
weight and the free Cr concentration to be about 50mmol/kg
(Maughan, 1999). Nonetheless, there are numerous values
reported in the literature, which makes it clear there is
considerable inter-individual variability.
Several factors can influence TCr content in resting
muscle tissue such as, muscle fiber composition, age and
gender. Studies have shown a higher PCr content (5-30%) in
9

fast-twitch fibers than in slow-twitch fibers which shows
that Cr is concentrated in explosive high-energy muscles.
Moller et al.

(1980) found as age increases PCr

concentration decreases by approximately 5% per year.
Comparisons of Cr and PCr levels in skeletal muscle in
males and females appear identical, with one study
reporting higher TCr levels relative to tissue weight in
females while other studies reported no significant
differences between males and females (Mesa et al., 2002).
Functions of Creatine in Muscles
There are three functional aspects related to the
Cr/PCr system in muscle cells - buffering ATP and ADP
content, "shuttle" hypothesis in the CK system and pH
buffering.
Buffering ATP and ADP Content.

Increased

intramuscular stores of Cr may help maintain cellular
ATP/ADP ratios.

Two-thirds of total creatine concentration

is found in skeletal muscle in the form of PCr.

PCr is

present in resting muscle in a concentration of nearly
three to four times that of ATP, the immediate energy
source for muscle contraction (Maughan, 1999).

ATP

concentration in muscle cells is relatively small and only
a portion of this can be seen as an energy store.
10

Thus,

when the cellular ATP concentration depletes, fatigue will
ensue in the muscles.
Because muscle fatigue is associated with decreased
intracellular ATP concentrations, regeneration of ATP at a
rate close to that of ATP hydrolysis is essential if
fatigue is to be delayed. Restoration of ATP and the
release of free Cr is a result of the transfer of the
phosphate group from PCr to ADP catalyzed by the CK.
(Maughan, 1999) .
An immense pool of PCr is available in fast-twitch
fibers for immediate regeneration of ATP hydrolyzed during
short periods of intense work. Studies show that after ten
to thirty seconds of maximal exercise, the PCr hydrolysis
mediated diminution of muscle PCr is higher in fast-twitch
than in slow-twitch muscles.
Since ATP turnover rates occur in muscle up to 10-15
mmol/kg/sec and the PCr content is limited, the relative
importance of PCr hydrolysis as a source of ATP
regeneration falls off dramatically as the exercise
duration lasts beyond a few seconds.

In fact, during a

six-second sprint, at a power output representing 250%
maximal oxygen uptake (V02max), PCr hydrolysis and glycolysis
each contribute 50% to the total ATP requirement with very
11

little contribution from oxidative phosphorylation.
However, during a 30-second sprint averaging 200% V02max, PCr
hydrolysis only contributes 25% of the ATP requirements
(Mesa et al., 2002).
The rate of ATP hydrolysis is determined by how much
power is created and/or forced by the muscle.

The resting

ATP content of muscle is about 24mmol/kg, but this cannot
fall by more than about 30%, therefore the need for
rephosphorylation of the ADP to continue muscle contraction
is obvious.

The CK reaction is extremely rapid and since

the PCr concentration can decrease to almost nil, it can
make a significant contribution to the energy supply
necessary for brief bursts of very high intensity exercise
(Maughan, 1999).

Increasing the amount of PCr content in

the muscle should allow a greater amount of work to be
performed for a greater length of time.
Compare ATP and ADP to a rechargeable battery and PCr
to the electric current that will charge the battery.

ATP

is the battery. When the battery's power depletes it turns
into ADP. ADP is the discharged battery that needs to be
charged by PCr. Once charged, the battery (ATP) is just
like new and is ready to be used again, thus, the more
electrical currents (PCr) muscle stores, the faster it is
12

for the rechargeable battery (ADP) to get plugged in (bind
with PCr and resynthesize itself into energy). This allows
the muscle to recover from fatigue faster and to perform
workloads for more extended periods of time.
Restoring muscle ATP content after physical exercise
to resting values is accomplished through PCr hydrolysis,
which also has to be resynthesized. Recovery starts by the
return of fresh blood circulating back to the body part
being used.

The supply of oxygen to the tissue and the

removal of metabolites such as lactate and H+ determine the
rate of PCr synthesis (Mesa et al., 2002); the higher blood
flow to the tissue may increase/improve the PCr resynthesis
of recovery.

After physical exercise, PCr resynthesis

allows ATP resynthesis in muscle cells by the CK reaction.
During the recovery process after exercise, the CK
reaction is reversed, using energy made available by
oxidative metabolism, which occurs within the mitochondria
(Maughan, 1999).

Cr Kinase begins the reversible transfer

of the phosphate group to ATP to the guanidino group of Cr
which yields ADP, PCr and H+.

The formation of PCr allows

the transformation of ATP to ADP thus, maintaining the
substrate for new phosphorylation reactions (Mesa et al.,
2002).
13

"Shuttle" Hypothesis for the Creatine Kinase System.
The interaction of cytosolic and mitochondrial ATP
resynthesis, and stabilization 6f the total amount of PCr
in the cytosol are secured by the PCr shuttle.

The PCr

shuttle improves the ATP and PCr supply and, at the same
time, limits the metabolic transformation of Cr to Crn.
Instead of Cr transforming into Crn, and having it leave
the muscle cell to be excreted in urine via the kidney, Cr
is liberated by the CK letting it diffuse back to the
mitochondria. The mitochondrial CK-isoenzyme
rephosphorylates muscular Cr to form PCr, and the need for
Cr formation in the body and Crn supplied by food is
reduced.

An increase in the blood Cr concentration due to

increased intake leads to a higher absorption of Cr by the
muscle cells (Englehardt, Newmann, Berbalk,

&

Reuter,

2002). According to this hypothesis, transport of high
energy phosphates between sites of ATP production and ATP
consumption is achieved mainly (but not exclusively) by PCr
and Cr (Mesa et al., 2002).
pH Buffer.

PCr also acts to buffer accumulating

protons (H) and this will allow the continuation of maximal
exertion (Bemben, M. G., Tuttle, Bemben, D. A.,
2001).

&

Knehans,

In high-intensity exercise, glycolysis will result
14

in the formation of pyruvate at a rate higher than it can
be removed by oxidative metabolism, leading to accumulation
of lactate within the muscle.

The H+ molecules associated

with anaerobic glycolysis cause muscle pH to fall, and this
fall in pH has been implicated in the fatigue process.

A

number of buffers within the cell resist changes in pH and
the breakdown of PCr is one of those mechanisms (Maughan,
1999).

Creatine Administration as an Ergogenic Aid
Reports of performance enhancement and weight gain in
humans and animals due to Cr ingestion date back to studies
conducted since the beginning of the 20 th century.

Since

then, Cr has become the number one selling effective
ergogenic supplement presently available.

Cr's popularity

in sport, has flourished since the 1992 Olympic games in
Barcelona, Spain.

This burst of Cr consumption can be

attributed to a study done by Harris, Viru, and Greenhaff
(1992), which showed that oral supplementation with high
doses of Cr, resulted in a 20% increase in skeletal muscle
Cr concentration.

Although no claims were made with regard

to its effect on athletic performance, companies were brisk
to market the ergogenic potential of this legal substance

15

(Juhn, 1999). What distinguishes Cr from other legal
ergogenic aids is that it seems to be effective in
improving performance. More significantly, perhaps, its use
is not prohibited by governing bodies of sport and there
appear to be no harmful side effects even when very large
doses are taken, at least in the quantities that are
necessary to produce an ergogenic effect (Maughan, 1999).
Furthermore, the National Collegiate Athletic Association
or the International Olympic Committee does not ban Cr
(Juhn, 1999) .
Usual Dosage of Creatine Supplementation
To evaluate the effects of Cr supplementation, a
typical regiment begins with a "loading" dose of 20g per
day of Cr for four to six days.

This represents a dose of

0.3g of creatine/Kg body-weight/day for an average adult
(Mesa et al., 2002).

Typically, the 20g per day in the

"loading'' phase are divided into four doses.

This is

followed by a "maintenance" phase of 5g per day.

With this

supplementation, most studies have reported an average
response of a 20% increase in muscle TCr content (Maughan,
1999).

Such an increase is sufficient to result in an

ergogenic effect on muscle power output and post exercise
PCr resynthesis (Mesa et al., 2002).

16

It is important to document, however, that skeletal
muscle has a Cr storage capacity of 150 to 160 mmol/kg
(normal is 125 mmol/kg), which makes over supplementation
futile

(Juhn, 1999).

This is important information for

those who suggest "more is better".

Any excess Cr

consumption will not further increase muscle Cr but will
simply be excreted by the kidneys in the form of Crn.
Importantly, during Cr supplementation muscle Cr
increases by around 50% and muscle PCr by 12.5%, thereby
the PCr/Cr ratio is lower and the PCr/ATP ratio at rest and
muscle TCr is higher than before supplementation (Mesa et
al., 2002). Cr should be consumed in conjunction with a
drink containing simple carbohydrates according to major Cr
manufacturers, such as Muscle Tech, EAS, and Optimum
Nutrition.

This method of Cr consumption is supported by

the study done by Steenge, Simpson, and Greenhaff (2000)
that demonstrated excreted Cr and Crn levels were less and
Cr retention was higher after carbohydrates were
subsequeptly ingested with Cr.
Optimal Multiple Dosage During Day One of the
"loading" Phase
Most people are aware that a single dose of Cr is not
enough to guarantee enhanced muscle stores.

17

Thereby,

subsequent supplementation of Cr is ultimately required for
full muscle absorption and maintenance.

Due to Cr's rapid

return to fasting values after the first dose occurs
(around the fifth-seventh hour}, it is necessary to
administer four more doses of 5g separated by a five-seven
hour interval during the first day. This keeps an increased
blood Cr concentration level and improves Cr transportation
into the muscle cells (Mesa et al., 2002).
Optimal Multiple Dosage During Day Two Through
Five of "loading" Phase
With the use of urinary Cr excretion measurements,
recent studies have indicated that ingesting Cr with simple
carbohydrates increases TCr in 24 hours by approximately
2mmol/kg dry muscle mass from 7mmol/kg dry muscle mass in
the placebo group to 9mmol/kg dry muscle mass in the
carbohydrate sample.

Even though these benefits exist,

they are still not enough to produce performance
improvements in one day, since most studies suggest a TCr
content of 20mmol/kg dry muscle mass are needed to exert an
ergogenic effect on muscle power output and on post
exercise PCr resynthesis (Mesa et al., 2002).

Hence, Cr

supplementation must continue for two-three days to reach

18

the 20rnrnol/kg dry muscle mass needed to produce ergogenic
effects.
In a study by Juhn (1999), two days of loading have
been shown to yield similar muscle Cr concentration and
performance results compared with the standard loading of
five days.

Without loading, Juhn states Cr consumption of

3g per day for 28 days results in muscle Cr concentrations
similar to five day loading.

Mesa et al.

(2002) supports

Juhn's study by stating that Cr accumulation is maximized
in the initial two days of loading.

In fact, Mesa et al.

(2002)reports that Cr in the urine increases from 214 ~ 44
to 1580 ~ 159 arbitrary units after 20g of Cr per day for
five days even when administered in conjunction with
carbohydrates.

This Cr spillover in the urine suggests

that transport and accumulation of Cr into muscle cells is
almost saturated even during the first day of Cr
administration. Therefore, the maintenance phase would
start on day three.
Optimal Dosage During "maintenance" Phase
The amount of Cr to be consumed during the
"maintenance" phase is still being argued. Due to the Cr
saturating effect on muscle tissue and its known prolonged
washout period (30 day minimum), Cr consumption can be
19

reduced significantly during the "maintenance" phase.

For

example, some studies have reported 2g per day (Juhn,
1999), 5-6g per day (a Demant & Rhodes study), 3-5g per day
(Mesa et al., 2002) and 9.7 ± 4.7 g per day depending on
body weight (Schilling, Stone, & Utter, 2001) to be
sufficient for Cr to have an ergogenic effect.

Mesa et al.

(2002) go a step further and hypothesize ingestion of Cr
only three to four times per week, instead of daily, to be
sufficient to maintain TCr in the muscle.
Creatine Supplementation and Short-term High
Intensity Exercise
A study in 1981 demonstrated that Cr supplementation
had effective results in increasing strength and athletic
performance during short-term high-intensity exercise.
Several subjects in this study increased body mass about
10% and a few subjects improved strength (Mesa et al.,
2002).

Since then, Cr supplementation and studies on it

have sky rocketed to an all time high.

Possibly ,the

search for the optimum legal "potion" to increase
athletic/personal performance may have been found in the
form of Cr, as suggested by some research articles and
unwritten consensus by athletes. Recent studies continue to
confirm positive ergogenic effects of Cr supplementation on
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short-term high intensity exercise.

Most studies

reporting benefits of Cr use a standard Cr dosage of 20g
per day for five days followed by Sg per day thereafter.
major study by Volek et al.

A

(1999), reported positive

effects of Cr supplementation on short-term high intensity
exercise measured by the maximal lRM squat and bench press
ability of 19 healthy, resistance trained men.

Cr subjects

consumed 25g of Cr per day (for seven days) in capsule form
divided into five equal dosages, consumed every two-three
hours, while the placebo group ingested an identical
placebo capsule (powdered cellulose) for seven days
followed by Sg per day thereafter.

In the Cr subjects, lRM

squat weight (lbs.) values increased by 32% after 12 weeks
while the placebo group improved 24% over the same period.
In the lRM bench press Cr subjects increased 24% while the
placebo group showed a 16% increase. Thus, the Cr group
demonstrated a statistically significant increase in
strength performance.
Bemben et. al.

(2001) used a Cr dose of 20g per day

for five days in Sg doses, four times daily, followed by Sg
per day for the remainder of the study (eight weeks).

The

subjects in this study were 25 college football athletes.
The subjects were randomly assigned in a double-blinded,
21

randomized placebo controlled design to a treatment (Cr
N=9, Placebo N=B, Control N=B)or control group. The
subjects were tested to determine muscular strength using
lRM for the bench press, squat and power clean to assess
absolute upper and lower body strength.

This study found a

strength improvement for the Cr group for all three lifts
(bench press, power clean and squat) with increases of
5.2%, 3.8%, and 8.7%, respectively.

The control group had

no change after training for the same three exercises,
while the placebo group had minor improvements of 1.9% for
the power clean and 5.1% for the squat.

The improvements

of the placebo group could be explained/justified as the
subjects subconsciously believing they were ingesting Cr
when in reality they were consuming a placebo.

In

research, this is explained as a ~placebo effect".
In other studies, Becque, Loachmann, and Melrose
(2000) reported muscular strength of the upper arm flexor
(lRM) increased in the placebo group from 42.5 ± 15.9 kg to
49.3 ± 15.7, whereas lRM for the Cr group increased
significantly from 42.8 ± 17.7 to 54.7 ± 14.1 Kg from pre to
post-test. This was a 29.9 ± 16.77% increase in lRM strength
for Cr and a 16.5 ± 6.35% increase for placebo.
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Moreover, in their own independent studies, Gotshalk
et al.

(2002) established their niche for elderly Cr

research. Their study claims to be the first to report
significant increases in elderly consumption of Cr.

An

increase of 7-15% was found in maximal dynamic strength of
larger muscles of the hip extensors/knee extensors (leg
press) and chest and shoulders (bench press), as well as
maximal isometric strength of smaller muscles of the
quadriceps (knee extensions) and hamstrings (knee flexion).
This study was conducted after seven days of Cr
supplementation.

This study supported Chrusch, Chilibeck,

Chad, Davidson, and Burke (2001) who found Cr
supplementation, when combined with resistance training,
improves leg strength and average power in men of a mean
age of 70 years.
On the other hand, a study by Odland, Macdonald,
Tarnoplsky, Elorriaga, and Borgman (1997) claim no
ergogenic effect on short-term high intensity exercise
after Cr supplementation.

They used a crossover design

involving a Cr supplemented, placebo and control group.
differences were found between the three groups in the
exercise.

The test consisted of a single thirty second

Wingate bike sprint test.
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No

Mesa et al.

(2002) speculates studies having a

negative/no effect are most likely due to muscle TCr
content not increasing in excess of 20mmol/kg dry muscle
mass, which is the set increment required to yield an
ergogenic effect on muscle output.

Kreider, R. B.

(1998)

states inadequate Cr supplementation that involves low-dose
supplementation regiments (2-3g per day) without an initial
high dose loading period produces little to no ergogenic
performance.

In addition, studies which use relatively

small sample sizes or employed crossover experimental
designs with less than a five week washout period between
trials have found no ergogenic benefits.

Other reasons

contributing to negative results could be exercises that
measure coordination instead of absolute strength.
Nevertheless; more research is needed to accurately express
the effects of Cr in short-term high intensity exercise.
The following are several factors in which Cr is
thought to provide ergogenic effects in short-term high
intensity exercise: increase of ATP availability and muscle
f1ber hypertrophy.
Increase of ATP Availability.
by Mesa et al.

As previously mentioned

(2002) a six-second sprint, at a power

output representing 250% maximal oxygen uptake (V02max), PCr
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hydrolysis and glycolysis each contribute 50% to the total
ATP requirement with very little contribution from
oxidative phosphorylation. However, during a thirty-second
sprint averaging 200% V02max, PCr hydrolysis only contributes
25% of the ATP requirements.

The known fact that Cr

supplementation increases PCr in the muscle by 10-20% is
well established in most research.

Thus, energy supply

will be increased by 5-10% and 2.5-5% for the 30 and six
second sprints (Mesa et al. 2002).

This extra provision of

energy many lead to increased buffering of cystolic
phosphorylation of ADP to ATP.

Thereby, the degree of

muscle power should be superfluous to pre-existing PCr
levels in the muscle.
Muscle Fiber Hypertrophy.

A 1999 study reported after

12 weeks of Cr supplementation (25g per day for seven days
followed by 5g per day), subjects showed increases in
muscle cross-sectional areas in type I

(35%), type IIA

(36%), type IIAB (35%), and type IIB fibers

(29%).

Whereas, muscle fibers increases in placebo subjects were
type I

(11%), type IIA (15%), type IIAB (6%) and IIB fibers

(8%).

Muscle fibers were classified by staining

intensities (Volek et al., 1999).

Consequently, resistance

training in conjunction with 20g per day of Cr consumption
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demonstrated an arm cross-sectional area increase of 7.9cm2
versus no change for the placebo group (Becque, Laochmann,
and Melrose, 2000).

Others may argue that Cr

supplementation enhances fiber hypertrophy following muscle
fiber breakdown, giving the muscle more energy to reload
and replenish itself. In a study by Hepel et al.

(2001) Cr

significantly facilitated rehabilitation of disuse atrophy,
or muscle atrophy associated with non-use.

The Cr

supplementation group regained muscle size and strength at
a faster rate than untreated participants (Young, 2002).
The three physiological mechanisms which contribute to
muscle fiber hypertrophy include: growth hormone delivery,
contractile protein synthesis, and reduced protein
breakdown.
Growth Hormone Delivery.

Mesa et al.

(2002)

found a significantly higher growth hormorie level after Cr
loading (20g per day). This suggests Cr has an indirect
anabolic effect of growth hormone. The highest plasma
values of growth hormone were obtained two-six hours after
Cr supplementation.

Other reports suggest no effect in

growth hormone secretion. The growth hormone theory is
presently vague and warrants further research.
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Contractile Protein Synthesis. Creatine increases
the synthesis of myosin heavy chain protein in vitro, when
concentration levels range between l0urnol/L and 5umol/L.
As restated by Mesa et al.

(2002) Siber et al.

(1975)

reported that, ~smmol/L of exogenous Cr added to the
culture of growing myoblasts stimulated selectively the
biosynthesis of the specific contractile protein myosin
heavy chain by 30%".

In a subsequent study, Willoughby and

Rosene (2001) demonstrated a 57.92% increase in
myofibrillar protein in the Cr group which was
significantly greater than the control group (2.75%) and
the placebo group (11.62%). The study consisted of twelve
weeks in which participants were given Cr supplementation
(6g per day) in conjunction with a heavy-resistance
training program.

The results of this study suggest an

anabolic property of Cr by an increased expression of MHC
mRNA and protein is reflected in the observed increase in
I

I

myofibrillar protein content.

This happens when Cr is

I

I •

administered in conjuntion with resistance training. This
possible relationship may exist between the combination of
MHC protein isoforms and heavy resistance training that is
necessary to support the training-induced increases in
total body mass, fat free mass, thigh volume and muscle
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strength observed in this study (Willoughby and Rosene,
2001).
Additionally, studies have reported that a combination
of Cr and increased functional loading augmented satellite
cell mitotic activity.

When Cr accumulates in cells, water

drag occurs and results in increased cell hydration (Mesa
et al., 2002).

A two-three percent increase in intra and

extra cellular fluid volume has been reported after Cr
ingestion (Kreider, R. B., 1998).

Hydration may act as an

anabolic signal, stimulating protein synthesis.
Reduced Protein Breakdown.

Reduced protein

breakdown in the muscle fiber could further explain the
beneficial hypertrophic effects of Cr.

For example,

Ziegenfusset, Lemon, Rogers, Ross, and Yarasheski(1997)
reported that five days of Cr supplementation increased
nitrogen status either by enhancing protein synthesis or
reducing protein breakdown.
al.

On the other hand, Parise et

(2000) did not find any increase in protein synthesis

but suggested a possible decrease in protein breakdown in
men but not in women (Mesa et al., 2002).

Further studies

are needed to study the effects of Cr on protein breakdown.
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Creatine Supplementation and Mid-term High
Intensity Exercise
There are very few studies interpreting the beneficial
effects of Cr supplementation on mid-term high intensity
exercises lasting 30-140 seconds.

However, a study

reported that Cr supplementation increased 15% of muscle
work output in three maximal tests of 90, 150, and 300
seconds performed by professional kayakists according to
Mesa et al.

(2002).

Moreover, Bemben et al.

25 football players for anaerobic capacity.

(2001) tested
This test

provided information concerning the ATP-PC and glycolytic
energy systems ability to recycle ATP.

Participants were

to pedal a Wingate anaerobic bike as fast as possible
against a set resistance equal to 0.075 Kg/body weight for
thirty seconds.

The total number of revolutions produced

during the entire thirty-second test was used to calculate
anaerobic capacity.

The results yielded an 18.4% increase

in Cr group (20g per day for five days followed by five
days for nine weeks), whereas little or no change was seen
in the placebo or control group. Many studies, which were
classified as multiple-bout studies, have demonstrated
improvement in the first bout, which can be construed as
single bout performances (Juhn, 1999).
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These studies

suggest that Cr supplementation does provide an ergogenic
effect on mid-term high intensity exercise (30-140
seconds).
In contrast, a study by Kilduff et al.

(2002) reported

that the percent decrease in force produced within each
twenty-second period (fatigue index) for the bench press
was not significantly different. Hence, the most viable
mechanisms explaining a Cr supplementation ergogenic effect
is the increase in ATP supply and enhanced muscle
hypertrophy, much the same as the short-term high intensity
hypothesis.

Furthermore, a decrease of ammonia and

hypoxanthine in muscle and plasma combined with a pH
buffering of Cr ingestion could transcribe into a
significant role in creating an ergogenic effect.

Since a

higher hydrolysis contributes to buffing pH, Roussel et al.
(2000) confirmed these assumptions by discovering a direct
relationship between PCr synthesis, PCr hydrolysis and pH
at the conclusion of exercise (Mesa et al., 2002).
Creatine Supplementation and Intermittent High
Intensity Exercise
Most sports require intermittent high intensity
performances.

For this reason, most research on Cr

supplementation has been in this area.
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Most studies

commonly use a Cr dosage of 20g per day for five days
followed by a maintenance dose of Sg per day thereafter.
This dosage has been the benchmark over the years for
producing positive results in sports and Cr studies.
Intermittent high intensity exercises have shown greater
performance enhancement than any other form of testing.
study by Harris et al.

A

(1993) on trained runners consisting

of four 300m runs with a four minute rest period in between
sets and another involving four runs of 1000m with a three
minute rest showed significant improvement for the Cr
group.

The participants in this study ingested 30g per day

for six days.

In the 300m run, a slight improvement was

only shown in the last run, while in the 1000m run total
time for all four runs improved by a mean of 13.0 seconds
(Maughan, 1999).

Moreover, Kreider et al.

(1998) concluded

that 28 days of Cr supplementation (15.75g per day) during
off-season football training with 30 seconds rest in
between 100 yard sprints, resulted in increases in
repetitive sprint performance (Cr= -0.24 ± 0.16 seconds;
1

placebo= -0.02 ± 0.09 seconds).
A jump squat peak power _output performance (four se~s
of ten repetitions using 30% of the one rep max squat)
study by Volek et al.

(1999) demonstrated a significant
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increase in peak power performance (pounds lifted) on sets
three (15 ± 74lbs.) and set four (26 ± 86lbs.) in Cr
subjects and only on set two (13 ± 143lbs.) on placebo
subjects in week one.

After twelve weeks of training, peak

power was significantly higher for both groups.
Nonetheless, the average score changes in peak power
throughout twelve weeks, were higher in the Cr subjects (Cr
= 252lbs., PL= 164lbs.).

Kamber et al.

(1999) used a

cycling ergometer in a double-blinded crossover study on 10
well trained students to measure physical performance with
10 repetitive cycle ergometer sprints (six-seconds in
duration, 30 seconds of rest) before and after Cr (20g per
day for five days) or placebo supplementation.

A

statistically significant increase in performance (7%
increase in revolution per sprint) at the end of later
sprints (sprints number 4-7 and 8-10) was observed in the
Cr group.

The Chursch et al.

(2001) study demonstrated a

significant group time interaction (repetitions per minute)
for the leg press (Cr= 47rpm, PL= 32rpm) and leg
extension endurance (Cr= 21rpm, PL= 14rpm).

Leg press

and knee extension muscular endurance was determined by
maximal number of repetitions that could be performed
during three sets separated by a one minute rest.
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Furthermore, Izquirdo, Ibanez, Gonzalez-Badillo, and
Gorostiaga (2002)reported Cr supplementation significantly
improved performance (3%)during the first five meters of
repeated bouts of 15m sprints in professionals handball
players.

Rossouw et al.

(2000) found an improvement in

performance of three sets of maximal unilateral knee
extensions on isokinetic dynamometer interspaced with
sixty-second rest periods in eight well trained power
lifters (Mesa et al., 2002).
On the other hand, several studies have reported no
ergogenic benefits of Cr supplementation on intermittent
high intensity exercise.

In a study by Mckenna et al.

(1999), 30g per day of Cr for five days did not improve
intermittent high intensity performance in 5-10 second
maximal cycle sprints with rest intervals of 180, 50 and 20
seconds.

This study had a low number of participants,

which may have increased the suggested benefits of Cr
according to Mesa et al.

(2002).

Gilliam, Mohzorn, Martin,

and Trimble (2000) did a study consisting of five sets of
thirty maximal voluntary contractions consisting of both
knee flexion and extension movements at an angular velocity
of 180 degrees per second on a Cybex II dynamometer with a
one-minute rest between sets.

Subjects were assigned to a
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Cr group (20g per day for five days) or a placebo group.
The study showed no improvements in muscle fatigue during
five sets of thirty repetitions.
studies Odland et al.

Likewise, in separate

(1994) and Cooke, Grandjean, and

Barnes (1995) found no benefits of Cr for 30 and 15 second
sprints on a cycle.
Collectively there are more studies in this area to
suggest Cr supplementation does have an ergogenic effect on
performance.

Following are several aspects of higher ATP

availability and muscle fiber hypertrophy, which can be
attributed to explain the ergogenic effects of Cr
supplementation in intermittant high intensity exercise.
Enhanced Rephosphorylation Rate of ADP into ATP.
During intermittent high intensity exercise there is a
period of rest before the next bout of exercise begins.
Since muscle fatigue is associated with decreased
intracellular ATP concentrations, regeneration of ATP at a
rate close to ATP hydrolysis is essential if fatigue is to
be delayed (Maughan, 1999).

Thus, during this rest period

ADP is rephosporylated into ATP to increase energy output.
Rephosporylation of ADP is achieved through the PCr
transfer of its phosphate group to ADP.

As it has been

well established by many, Cr supplementation (20g per day
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for five days) increases TCr in muscle cells.

Primary,

this produces an increase in free Cr (50%), secondarily it
increases PCr (12.5%)

(Mesa et al., 2002).

Although Cr

does not elevate ATP levels, it does elevate PCr to provide
ADP with much greater phosphate to use to bind quicker,
hence, increasing ATP concentration in the muscle allowing
enhanced performance.

In addition, excess Cr stored in the

muscle may diffuse to the inter-membrane space of
mitochondria, where it is phosphorylated into PCr (Mesa et
al., 2002).

This PCr may facilitate energy translocation

from the mitochondria to the various sites of ATP
utilization by the Cr phosphate energy "shuttle" hypothesis
process as explained earlier (Bemben et al., 2001).
The increase in PCr synthesis happens because of an
increase in mitochondria ATP production that is regulated
by the availability of mitochondria (Mesa et al., 2002).
This supposition suggests that both mitochondria ADP
formation and ATP resynthesis (which is directly related to
muscle Cr content) causes an accelerated rate of flux
through the CK reaction in the mitochondria membrane
(Gilliam et al., 2000).
It is important to mention a study by Grenhaff et al.
(1994).

The study showed increased muscle PCr reposition

35

by 20% after two minutes of exercise recovery.

The maximal

reposition time of muscle Per is longer than 20 seconds.
Any less time to recover is insufficient to restore any
significant muscle PCr and ATP stores even after Cr
supplementation (Mesa et al., 2002).
Reduction in Lactate and H+ Accumulation.

Because net

PCr hydrolysis concerns hydrogen ions, it may contribute to
buffering intra cellular acidosis during high intensity
exercise when the CK reaction favors ATP resynthesis from
the PCr.

Thus, after Cr supplementation TCr may offset ArP

depletion and off set lactate and H+ accumulation in the
muscle.

This would contribute to a delay in fatigue for

the muscle (Mesa et al., 2002).
Creatine Supplementation and Aerobic Metabolism
in Muscle
Most studies report no benefits of Cr supplement on
aerobic performance in trained or untrained athletes. In
fact, a study done by Balsom et al.

(1993) demonstrated no

beneficial effect of Cr supplementation on performance in
an endurance running test (Maughan, 1999).
by Engelhardt et al.

Another study

(1998) on maximal incremental

endurance found no enhancement in endurance exercise.

The

average time to exhaustion remained unchanged in both the
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Cr and placebo groups. Hence, the argument for Cr
supplementation to increase aerobic exercise performance is
not stable enough to consider possible positive effects as
an ergogenic aid.

This is most likely due to the fact that

Cr supplementation increases body mass, thus, inducing
higher absolute rates of oxygen uptake.
On the contrary, Rico-Sanz and Marco (2002) reported
Cr supplementation (20g per day for five days) increased
the time to exhaustion in bicycle submaximal exercise.

The

last 10% of the test demonstrated a positive effect of Cr
supplementation in aerobic performance.

During this stage,

all or most of the slow twitch fibers had to be recruited
and blood flow and transit time expanded to enable a
greater rate of energy supplied.

This effect of Cr on

oxidative phosphorylation might have been conceivable in
the last 10% of the exercise.

Previous studies found

positive results in time to exhaustion. For example,
Rossiter et al.

(1996) showed a decrease of 2.3 seconds on

1000m rowing in elite rowers, and Smith et al.

(1998)

increased time to exhaustion on a cycle ergometer from 236
to 253 seconds (Mesa et al., 2002).

Even though these

studies show minor improvements, one is quick to suggest
improvements made in the last/final bouts of exercises
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could be most likely construed as short-term intensity
improvement rather than aerobic.

Side Effects
Potential side effects of oral Cr supplementation as
an ergogenic aid have not been studied extensively though
concerns have been arising on the field, in training rooms
and throughout the media.

It is important to note that Cr

is classified as a dietary supplement in the United States.
Thereby, in accordance w~th the Dietary Supplement Health
and Education Act of 1994, claims regarding performance and
safety do not need to be substantiated by the U.S. Food and
Drug Administration (Juhn, 1999).
Body Mass Increase
Bemben et al.

(2001) reported an increase of lean body

mass of 3.8% and a 3.2% decrease of total body fat

(TBF)

for the Cr group after a nine week study. The placebo and
control group had no essential change in lean body mass.
Surprisingly, the placebo group managed to increase TBF by
a staggering 7.2% whereas the control group remained
constant.

Moreover, a study by Becque et al.

(2000)

reported a 2.0kg increase in body mass and a decrease in
TBF of 1.6kg for the Cr group.

However total body mass and
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TBF were unchanged for the placebo group. Several other
studies reported increases in fat-free mass and decreases
in TBF such as: Willoughy and Rosene (2001), Volek et al.
(1999), and Krieder et al.

(1998) to name a few.

Water Retention
It is hypothesized that increased cell hydration is
the main cause of water retention.

The further drop of

urinary excretion can also explain why there is an increase
in weight of 2.0kg in the initial loading phase.

For

example, Ziegenfµss, Lemon, Rogers, Ross, and Yarasheski
(1997)reported both body mass gain and an expansion of
total body water occurred within three days of Cr
supplementation. Another study, demonstrated an increase in
body mass was accompanied by a 7% increase in thigh muscle
volume determined by an MRI and a 2-3% increase was
contributed to intra and extra cellular fluid volume (Juhn,
1999).

Hultman, Soderlund, and Timmons (1996) observed a

0.6L decline in urinary volume after Cr supplementation.
Hence, the increase in body mass could be attributed to
increased water content in the body (Kilduff et al., 2002).
Additional research in Cr water retention is needed to
provide more convincing results.
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Muscle Cramps
Athletes consuming Cr complain the most about muscle
cramping to their athletic trainers.

Since water retention

happens with Cr supplementation, it is suggested that this
effect may cause skeletal muscle compartment pressure which
leads to a high risk of muscle dysfunction and/or cramps
(Juhn, 1999).

In contrast, Volek et al. (2001) tested the

effects of Cr supplementation on men in a sprint cycle
performance test in the heat and found no evidence of
muscle cramps as restated in Young (2002).

Moreover, in a

retrospective study of health variables of Cr
supplementation, researchers reported (based on a
questionnaire) no complaints of muscle cramps, tears or
shin splints.

In contrast, a study reported more muscle

cramps (57%) in the control group than in the placebo and
Cr groups combined (16%)

(Schilling, Stone, and Utter,

2001).
Gastrointestinal Complaints
Diarrhea and gastrointestinal pain have been
associated with Cr use.

In a questionnaire given to Cr

u·sers, occasional gastrointestinal complaints were the only
side effect mentioned (Schilling et al., 2001).

When Cr is

ingested, discomfort may occur if Cr is not dissolved
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appropriately.

This usually is present in the loading

phase of Cr or with excessive amounts of Cr.

Juhn et ·al.

(1999), also reported Cr ingested in large dosages or for a
long period of time may cause vomiting, nausea, or
diarrhea.

Most studies have reported insignificant

complaints of gastrointestinal disturbances with Cr
supplementation.
Unstudied Potential Effects
Unstudied effects of Cr supplementation are also of
concern.

Found in the heart, brain, and testicles, long

term effects of Cr in these areas are still unknown.

The

Food and Drug Administration has logged 32 complaints of
people who used Cr.

These complaints included: seizure,

cardiac arrhythmia, cardiomophathy, deep venous thrombosis,
rhabdomyolysis and death.

No conclusions, however, have

linked these reports to Cr supplementation (Juhn, 1999).
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CHAPTER THREE
METHODOLOGY

A thorough search of Cr journal articles, on-line
resources and biochemistry materials were used to conduct
this literature review on the health effects of Cr in
exercise and human performance.

All literature was

carefully evaluated/analyzed individually for information
beneficial to the review being conducted.

Journal articles

chosen featured extensive information on the effects of Cr
supplementation as an ergogenic aid on human performance.
Most of the research was gathered using California
State University's resources.

The main resource data-base

used to search journal articles was EBSCO. ~Keywords" such
as, creatine, creatine-physiology, creatine-performance,
creatine-exercise, exercise-performance, supplements,
creatine-biochemicals, creatine-strength, creatine-power,
creatine-endurance, creatine-sport, etc. were used to
search for materials involving/featuring creatine
information.

Further Cr journal articles, article reviews

and biochemistry information were taken from the reference
portion of those articles which possessed promising
information on Cr.
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All material was inspected entirely and regularly for
information pertaining to each heading/subheading of the
literature review. Through each section of the literature
review, material was correlated to create a seamless
interpretation on the topic being presented.
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CHAPTER FOUR
SUMMARY, CONCLUSION, AND RECOMMENDATIONS

Summary
This review of various scientific literature on Cr was
to explain Cr and examine its effects on exercise, human
performance, and health, including basic information
concerning biochemical and physiological effects of Cr, and
its possible side effects.
Cr is a nitrogeneous amino acid compound found in
meat/fish and synthesized naturally within the body,
primarily in the liver. By increasing levels of PCr above
20rnmol/kg dry muscle mass Cr is implied to increase human
performance. Cr is thought to buffer ATP and ADP content,
increase energy transportation/production through increase
in PCr and by buffering acidosis during exercise.
Cr has become one of the most popular human
performance ergogenic aid on the market today (Maughon,
1999).

It has become widely used by professional athletes,

elite sport competitors, collegiate athletes,
amateur/recreational athletes and teen athletes to achieve
optimal results.

Based on most research studies Cr

supplementation has been shown to increase human
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performance in short, intermediate, and intermittent
exercises.

The standard Cr dose is 20g per day for five

days (loading phase) and 5g per day (maintenance phase)
thereafter.

However, not all Cr supplementation studies

have reported increases in human performance.

This could

be due to varied Cr dosage, length of supplementation,
experimental exercise criteria, and or varied amounts of
recovery time.
There appears to be no conclusive evidence that Cr
supplementation has any short/long term adverse side
effects aside from occasional minor gastrointestinal pain
(mainly associated with large doses).

More studies are

needed to corral all scientific information of Cr.

Conclusion
Most research on Cr supplementation has reported a
positive ergogenic aid to human performance. However, there
are some studies that have shown no effect of Cr whatsoever
in human performance.

As the level of scientific research

escalates, it soon will be difficult to argue with
irrefutable conclusions of Cr.

However, based on

continuous consumer demand for Cr, increase in sales of
this legal supplement are being reported yearly (Maughon,
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1999).

Nevertheless, the battle of improper methods,

inconclusive results, and placebo effects will continue to
exist in the world of Cr research.

Recommendations
1.

Further research on major human organs is necessary to
understand the potential physiological effects of Cr
on human performance.

2.

To validate the benefits (if any) of Cr, research must
be conducted outside scientific laboratories and
instead during athletic competitions/performances.

3.

A conclusive dosage must be agreed upon by researchers
to ensure safety and increase athletic performance.

4.

Society must be informed about the benefits and harms
of Cr without being subjected to misleading
propaganda.

5.

Future research must be conducted by objective groups
which are not sponsored by any groups associated with
the Cr industry.
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